Coatings like TiAlN (titanium content more than 50%) or AlTiN (aluminium content more than 50%) are well established as hard and wear-resistant tool coatings, often prepared by physical vapour deposition (PVD) like arc evaporation or direct current magnetron sputtering (dcMS). With increasing challenges of operating conditions, there is a constant need for improvement of mechanical properties to withstand extreme loading conditions. This can be obtained by a higher amount of ionized sputtered metal atoms during the deposition process. To increase the metal ion flux a high-power pulse magnetron sputtering (HPPMS) was developed. In order to understand the relation between HPPMS process parameters and mechanical properties of the AlTiN coatings, the present study discusses how different pulse-frequencies (for a constant pulse length) influence AlTiN coating structure growth and their mechanical properties. In addition, film deposition rate and phase formation are influenced by altering process parameters like pulse length and frequency. Hence, different pulse-frequencies produce specific coatings with corresponding properties for functional requirements. Based on the established findings, answers to new scientific queries along with the demand to further optimize these coatings for tool applications are required.
Introduction
Transition-metal nitrides are often used as wear-resistant or super hard coatings for enhancing the lifetime of cutting and forming tools [1] [2] [3] [4] . A well-known hard coating is Al Ti −1 N ( = 0.6), deposited by dc-magnetron/arc sputtering, which offers an increase in component life due to high hardness and resistance against wear, corrosion, and oxidation at high temperatures [5] [6] [7] [8] [9] [10] [11] . With increasing challenges of operating conditions, a constant need in improvement of material properties is required to withstand extreme loadings. These properties can be achieved with smoother and denser coating structures resulting in better mechanical properties. A possibility of improving the film quality is to increase the number and the energy of ionized sputtered atoms, which is not possible with conventional dc coating processes. Hence, High Pulse Power Magnetron Sputtering (HPPMS) technology is introduced during the recent decade allowing higher ion densities and energies in comparison to conventional coating methods. The HPPMS is a further development of dc-magnetron sputtering, where a pulsed direct current power supply is used to ignite the plasma discharge in specific intervals. The main differences between dcMS and HPPMS are the discharge behaviour and the plasma composition during the coating process. In conventional dcMS, an increase in plasma and power density is limited due to the thermal load on the target [12] . In contrast, the pulsed power supply enables high-density plasma in front of the sputtering source with peak discharge currents in the order of a few A/cm 2 and a peak power density of several kW/cm 2 . The pulsed DC voltage with very low duty cycles < 10% provides additional process parameters for tailoring coating growth and coating properties and to optimize the performance of compound films [13] . The resulting high-power density at the target leads to high electron densities in the magnetron confinement ("magnetic trap") increasing the probability of ionization between sputtered 2 Advances in Materials Science and Engineering metal atoms and energetic electrons [14] . This enables a high degree of ionization of the sputtered material, in comparison to conventional dcMS where the amount of ionized atoms is generally very low [15] . The high amount of ionized sputtered atoms opens new opportunities in controlling the film growth by influencing the layer-forming metal ion movement within magnetic and/or electric fields [16] . These facts result in growth of denser and smoother coatings along with uniform coating deposition and film thickness on planar and complex-shaped geometries [13] . The ion-to-neutral flux ratio, the energy of the bombarding ions, their nature, and angle of incidence during the film growth affect the plasmafilm interface during film growth as well. These parameters determine the efficiency of the momentum transfer to the adatoms depending on ionization rate at the target and the probability to reach the substrate. Moreover, the velocity of the impinging ions originates from their kinetic energy after traversing the plasma and from their acceleration within the substrate bias potential in a voltage sheath in front of a biased substrate [13] .
Due to the above-mentioned reasons, HPPMS is considered beneficial as it offers new options in coating growth and composites coatings. Especially on complex formed substrates or tools HPPMS enables a constant film thickness. For further development of AlTiN hard coatings and their derivatives through HPPMS, it is necessary to analyse and understand the correlation between selected HPPMS process parameters, related plasma conditions, and the mechanical properties of the respective coatings. In the present study a correlation between deposition conditions at various frequencies (constant pulse duration) and structure, deposition rates, phase formation, and mechanical properties is discussed for AlTiN coatings. Therefore, the measured current-voltage ( -) curves are used to explain how the selected pulse-frequencies from 100 Hz to 500 Hz influence the plasma discharge and, consequently, the AlTiN film properties. The present study focuses on the analysis of different pulse-frequencies to develop new manufacturing parameters for the industrial deposition of resistant coatings.
Experimental Details

Coating Materials and Deposition
Process. The AlTiN coating deposition was performed in an industrial sized coating system "CC800/9 HiPIMS" from CemeCon AG (Würselen, Germany), equipped with a HPPMS power supply made by ADL GmbH. The HPPMS power supply is a dc-magnetron cathode operating in a pulsed mode. A rectangular sintered Ti 0.4 Al 0.6 -target from Plansee SE with a size of 88 × 500 mm 2 was used for the deposition process. The coating process consists of an etching and a coating phase. The etching process was performed in an argon atmosphere for the removal of thin oxide layers on the metallic substrates as well as surface activation. The coating deposition was carried out in a mixed argon (Ar), krypton (Kr), and nitrogen (N 2 ) reactive atmosphere. The novel gas krypton is used for increasing the sputter rate of Ti-and Al-atoms during the plasma ignition phase due to the high atom mass compared to argon and nitrogen. More details to process parameters are listed in Table 1 . A constant deposition period of 30 min was chosen for each process parameter combination. The distance between the rectangular substrate (100Cr6-steel substrates and Si(100)-wafer substrates with a size of 4 cm 2 ) and the Ti 0.4 Al 0.6 -target was 70 mm. At the stationary substrate, a constant dc bias voltage of −100 V was applied to support film deposition and growth. To investigate the effect of different frequencies on the AlTiN coating a pulse-frequency range from 100 Hz to 500 Hz was used. The constant pulse-on-time of 50 s has been chosen as it enables a high current density according to investigations on the effect of HPPMS pulse length with a comparable average cathode power (5 kW), similar process temperature (500 ∘ C), and pulse-frequency (500 Hz) from Bobzin et al. [18] . The constant process temperature of 500 ∘ C and the nitrogen flow rate of 40 sccm (nitrogen partial pressure of 83 mPa) were chosen to compare the current results for AlTiN coatings deposited by HPPMS with previously published results for AlTiN coatings deposited by conventional dcMS at the same average power of 4 kW and argon pressure of 0.6 Pa from Obrosov et al. [10] .
Plasma and Coating Analysis.
Time dependence of discharge current and voltage at the target during the deposition were monitored using a "DPO 4034 Digital Phosphor Oscilloscope" from Tektronix (USA, Beaverton). The timedependent pulse power during the HPPMS pulses ( ) was calculated as product of temporal current ( ) and voltage ( ). Time-dependent current and power density at the target were calculated to enable a comparison with other studies using different target sizes. The film thicknesses of the AlTiN coatings deposited at different frequencies were measured with a Scanning Electron Microscope (SEM) MER-LIN from Carl Zeiss Microscopy GmbH (Jena, Germany). The process deposition rates were calculated based on the constant deposition time of 30 minutes because for industrial applications the time of process for a certain film thickness is important. Hardness and elastic modulus were determined via nanoindentation with Berkovich type diamond indenter and a maximum load of 5 mN to minimize the effect of the substrate on the measurements and to improve the precision of the instrument measurements. The nanomechanical tester called UNAT is manufactured by Asmec GmbH (Dresden, Germany). The quasi-continuous stiffness measurement method (QCSM) with 20 indents was used to determine the mechanical properties. Statistically averaged indention hardness as well as elastic modulus with variances were recorded for 10% of the film thickness with the control and analysis software InspektorX. The minimum coating thickness of 0.4 m was observed for 100 Hz. The preferred (Al,Ti)N phase and crystal structure were analysed via Xray diffractometry (XRD) using an X-ray diffractometer "D8 Discover" from Bruker AXS GmbH (Karlsruhe, Germany) with Cu-K 1 radiation ( = 0.15406 nm) in the asymmetric Bragg geometry. To avoid 2 -signals of the 100Cr6-substrate the chosen incident beam angle was adjusted to = 9
∘ . The diffraction peaks were identified with results from powder Advances in Materials Science and Engineering Figure 1: (a) Nomenclature for dc pulsed discharges based on the peak power density at the target, combined with the duty cycle (adapted from Gudmundsson et al. [17] ). (b) Peak current density and peak power density for different frequencies in the range of 100-500 Hz measured during HPPMS discharge at a constant pulse length of 50 s and mean power of 4 kW at 0.6 Pa. diffraction patterns of the ICDD database. Based on the full width at half maximum (FWHM) of each diffraction peak, the theoretical crystal sizes were calculated using the DebyeScherrer method. In addition, the elemental composition was determined by spectra of backscattered electrons with a Scanning Electron Microscope "Mira 2" from Tescan (BrnoKohoutovice, Czech Republic) with Oxford-Analysis-EDS system. The measuring parameters were 15 kV and 2.5 nA with a Viewfield of 2.53 mm and a measuring time of 120 s. The coating structure was determined through Scanning Electron Microscope (SEM). Furthermore, details on surface quality of the AlTiN films, surface roughness, and so forth are obtained with atomic force microscopy (AFM) "Smena" and cantilever "NSG10/Pt" from NT-MDT Spectrum Instruments Ltd. (Limerick, Ireland) operating in tapping mode.
Results and Discussion
HPPMS Discharge Parameter and Plasma Properties.
For a uniform nomenclature of pulsed discharge, Gudmundsson et al. [17] classified three different regimes within dcMS or HPPMS range, depending on their duty cycle and peak power density (Figure 1(a) ). In particular, the specific power density referred to the target size and is beneficial for standardized comparison between the current study and other publications with different target sizes and forms. The dcMS range extends to a defined "dcMS limit" at = 0.05 kW/cm 2 ( Figure 1(a) ) including the pulsed dcMS regime and the beginning of the modulate pulse power regime (MPP high-power impulse magnetron sputtering (HiPIMS). The threshold between these two regimes is defined as "HiPIMS limit" with = 0.5 kW/cm 2 . Based on the nomenclature, the calculated peak power density in Figure 1(b) shows that the discharge at 500 Hz belongs to MPP pulses with a power density below 0.5 kW/cm 2 (blue coloured dots). The discharges for 100-400 Hz belong to the HiPIMS range with high-power densities above 0.5 kW/cm 2 and short duty cycles. All considered discharges for this study took place below the defined "power limit" and the "target damage range."
Generally, the target voltage represents the electrical potential where ions and electrons are accelerated whereas the time-dependent discharge current density (plasma density) corresponds to the number of ions and electrons in the plasma. Due to these facts, the current pathways indicate the ionization of metal ions and the discharge behaviour, like discharge phases or plasma instabilities. Moreover, the timedependent pulse power density is an indication of the plasma species energy and the thermal load at the target during the pulse-on-time.
Increasing pulse-frequency (as well as duty cycle) shows a decreasing potential trend for peak current density and peak power density (Figure 1(b) ). This behaviour results from a lower plasma resistance with increasing frequency, which leads to a lower ignition voltage at the target (Figure 2(a) ). The lower voltages (electrical potential for acceleration) provoke less ionization rates, resulting in a decreased current density (Figure 2(b) ).
In the case of an industrial coater, it has to be considered that measured voltage and current waveforms are determined by the size of the capacitor bank used within the power unit [19] .
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In particular the decrease of the voltage during pulse-ontime due to decreasing plasma resistance and increasing discharge current can be avoided with an additional control system. Generally, every pulse starts with an ignition phase when the negative voltage is applied to the target and the ionization of the working gas begins. The discharge will likely ignite as a localized glow discharge at the target in the vicinity of the anode ring, where the vacuum electric field is strongest [20] . This improves the ionization of the working gas species and the number of charge carriers increases. If enough working gas ions and energetic electrons are available due to an increasing amount of collisions, the plasma completely ignites. After bulk plasma breakdown, the discharge current increases rapidly until a current maximum is reached combined with a decrease in voltage. In this current rise phase, a dense plasma torus is developed above the target race track [20] and the metal atom density builds up due to sputtering of the working gas ions. With increasing number of metal atoms, Penning ionization of the sputtered vapour atoms as well as electron impact ionization of neutral gas atoms increases [21] . For this reason, the current rise is dominated by metal ions, which accelerate back to the target and take part in sputtering process [17] . This resputtering of target occurs if the ions possess enough energy to knock out new target atoms. In contrast, the working gas is affected by gas-rarefaction due to the thermal expansion and a slow refill process of neutral gas atoms into the ionization region in the target vicinity takes place [22, 23] . At the moment of peak current, the maximum number of metal ions with the highest possible ion energies is achieved [18, 24, 25] . Compared to other investigations of ion distributions in Argon HPPMS-plasma with Ti and Al, where current and power densities were similar to those in this study, it can be assumed that the plasma at all selected pulse-frequencies consists of single-and multiple-charged Ti and Al ions [24, 26] . After the maximum peak current is achieved, the gasrarefaction generally becomes dominating and the current decreases as the number of sputtering ions decreases due to lower degree of ionization. This decreasing current phase is characterized by a decreasing number of high energetic multiple-charged metal ions and an increasing number of neutral target atoms. In this study, the current decrease exclusively occurs at low frequencies (100 Hz and 200 Hz) due to the high ionization rates. The ionization rate depends on the electrical potential (target voltage) and is represented by the rise of the discharge current. A steep current rise like the one at a low pulse-frequency of 100 Hz stands for a high ionization rate. In contrast, a lower current rise for higher frequencies indicates a lower ionization rate. This behaviour affects the time of peak current density along with the time shift of the current maximum as shown for higher frequencies (Figure 2(b) ). For all frequencies, the HPPMS pulses end when the voltage is rapidly switched off at 50 s. This sharp drop of voltage leads to plasma instabilities (Figure 2(a) ) and causes an ion shockwave (ion acoustic wave) which appears at the end of current waves (Figure 2(b) ). Apart from this, no overshoots after the pulse-off were generated. More details to plasma instabilities during HPPMS deposition are discussed by, for example, Sarakinos et al. [13] , Maszl et al. [26] , or Breilmann et al. [27] . Subsequent to this instable phase, the discharge at a pulse-frequency of 200-500 Hz passes into a plateau phase where self-sputtering processes sustain the discharge for a few s. This constant current density (plateau phase) occurs when a significant fraction of ions with high potential energy generates fast secondary electrons which can sustain the impact ionization [17] . These ions are mostly double ionized metal atoms [17] . For AlTiN deposition, we assumed that Ti 2+ dominates the self-sputtering due to lower second ionization energy of titanium in comparison to aluminium [28] . The missing plateau phase at 100 Hz indicates that the conditions for self-sputtering after voltage switch-off are not fulfilled due to the strong gas-rarefaction between pulse maximum and pulse end. At the end of the plateau phase in case of 200 to 500 Hz and after voltage switch-off in case of 100 Hz, the discharge shifts into the afterglow phase. This phase is characterized by a sharp drop down of current due to the loss of plasma species in the target vicinity through recombination and diffusion towards the substrate and chamber walls [21] .
These measurements demonstrate that the target current density and the target ignition voltage decrease, if the pulsefrequency increases from 100 Hz to 500 Hz at a constant pulse length. The appearance of plasma instabilities at the beginning and at the end of a pulse seems to be independent of the frequency (see Figure 2(a) ). This fact indicates that oscillations are connected with pulse transient phenomena and the plasma decaying during the pulse-off-time. Due to these oscillations, also the sheath potential Sh = − in front of the substrate oscillates and in maxima of these oscillations the growing film is bombarded by ions with higher energy. Here is the plasma potential and the constant substrate bias of −100 V. Exclusively the size of oscillations due to plasma instabilities increases for higher current densities at lower frequencies. Self-sustained, selfsputtering processes occur only at higher frequencies, if the discharge reaches its peak current close to the end of a HPPMS pulse. However, by reducing the pulse-frequency, a higher ionization rate of sputtered Ti-and Al-atoms resulting in an increased metal ion bombardment of the substrate can be expected. Figure 3(a) shows the calculated deposition rate of AlTiN coatings deposited at various pulse-frequencies as a quotient of the measured film thickness and the constant deposition time of 30 minutes. These results show a linear increasing correlation between deposition rate (as well as film thickness due to constant deposition time) and pulse-frequency. Hence, the deposition rate increases proportionally with the pulse-frequency due to the increased time of sputtering resulting in a higher material deposition at a constant sputtering process time. Long offtimes between two pulses, as in the case at 100 Hz with a pulse duration of = 10 ms, correspond to less sputtering effects of target material. Figure 3(b) shows the decreasing deposition rate in relation to the increasing peak current density at lower frequencies. In comparison to deposition rates with dc-magnetron sputtering at the same average cathode power, the HPPMS deposition rate is reduced, as shown for various materials [29, 30] . An explanation for the reduction in deposition rate is the target material pathways model from Christie [31] , which allows calculating the fraction of the ionized sputtered vapour returning to the target, the degree of ionization of the sputtered vapours, and the ionized flux fraction onto the substrate. Generally, a higher amount of metal ions increases the probability for backattracted ionized Ti-and Al-atoms at the target. Additionally, Emmerlich et al. [32] argued that no comparison between HPPMS and dcMS deposition rates for the same average cathode power is possible, if the nonlinear energy dependence of the sputtering yield is not taken into account. Figure 4 shows the relation between the Al, Ti, and N content of sputtered AlTiN coatings with different pulse-frequencies in the range of 100-500 Hz. The averaged result of the detected spectra shows a 20% increase of the Al content with higher pulse-frequencies, while the nitrogen concentration decreases significantly. This is represented by the stoichiometry = N/(Al + Ti) in Table 2 as well. In relation to the report of Musil [33] , the overstoichiometric ( > 1) AlTiN coatings sputtered at low frequencies (100, 200 Hz) show that the delivered energy by bombarding ions during the film growth increases as the frequency decreases. Whereas the substoichiometric ( < 1) AlTiN coatings sputtered at 300, 400, and 500 Hz show a decreasing delivered energy by bombarding ions for increasing frequency.
Film Thickness and Deposition Rate.
Elemental Composition. The elemental composition of the AlTiN coatings in
In contrast to the altered Al and N content, the Ti concentration is nearly constant and fluctuates between 24% and 28%, whereby the highest Ti content in the sputtered AlTiN coatings was measured for 300 Hz. For this reason, the most uniform distribution of Al, Ti, and N content in this study was achieved at 300 Hz. Furthermore, the concentration of Ar is included in Figure 4 for showing the incorporation of process gas atoms as impurity atoms during film growth. The results show that, for higher Al concentrations with increasing frequency (decreasing pulse power density), the Ar content increases from 0.3% up to 1.1%, which is negligible for this study. Thus, an increasing Ar content leads to a higher probability of defects and imperfections in the coating structure due to lattice disruptions during the lattice formation. The reversed behaviour of nitrogen and aluminium content indicates a direct relationship between both elements and the pulse-frequency as well as the resulting deposition conditions. As the elemental composition shows, the amount of N in the AlTiN coatings increases with lower frequencies due to an increased pulse-off-time, which leads to a preferred incorporation of reactive nitrogen into the growing film lattice provoked by the constant substrate bias of −100 V and a chamber temperature of 500 ∘ C. In contrast, the longer pulse-off-time causes an increased loss of Al in a nitride layer at the target (target poisoning), resulting in a decreased Al content in the coating at lower frequencies. Figure 5 the XRD patterns of (Al,Ti)N coatings deposited from a Ti 0,4 Al 0,6 target at different pulse-frequencies show a two-phase structure with a dominant face-centred cubic AlTiN (200) phase at 2 = 43.5 ∘ and a less pronounced wurtzite-type AlTiN (112) phase at 2 = 50.6
AlTiN Phase Analysis. In
∘ for all AlTiN coatings. The clearly separated phase reflections implicate an AlTiN coating composition with a mixture of fcc-and w-AlTiN phase grains. Thereby, the fccAlTiN grains represent the main phase due to the higher relative signal intensities compared to the relative intensities of the w-AlTiN phase. In connection with the nonstoichiometric behaviour, shown in Section 3.3, a substitutional solid solution of Al, Ti, and N in the face-centred cubic crystal lattice and in the wurtzite-type lattice can be assumed. The relative proportion of both phase signal intensities reflects the increasing Al content and decreasing N concentration with increasing frequency. While the relative intensity of the fcc-AlTiN phase signal decreases, the relative intensity of the w-AlTiN phase signal increases. So, the increasing amount of nitrogen at lower frequencies is primarily incorporated into the fcc-AlTiN phase and sustains the formation of fcc lattice structure due to diffusion processes or nitride layer formation. The peak shift of the fcc-phase towards higher 2 -angles caused by lattice contraction due to Al incorporation into a preferred fcc-TiN lattice proves the assumption of substitutional solid solution and preferential phase formation, too. In contrast, the increased Al concentration and reduced nitrogen content at higher frequencies lead to a less pronounced fcc-AlTiN signal and support the w-AlTiN formation. Here, the proximity of the hexagonal AlN and tetragonal TiN signal to the detected w-AlTiN (112) phase peak confirms the assumption of substitutional solid solution. Thereby, the peak shift towards hexagonal AlN results from incorporation of Ti into the hexagonal AlN lattice during film growth. Such a formation of a w-AlTiN phase for AlTiN coatings deposited with cathodic-arc evaporation was also shown by Rafaja et al. [34] . Since the arc process is characterized by a high ion bombardment and temperature input of the growing layer, the phase formation is comparable with the HPPMS process conditions in this study. Rafaja et al. [34] argued that the Al-rich titanium aluminium nitride forms apparently w-AlTiN instead of fluctuation of the Al and Ti concentration within fcc-TiAlN or instead of forming fccAlN or w-AlN.
In addition, the formation of wurtzite-type AlTiN phases partly results from energetic bombardment of Ti 2+ ions during film deposition. Large ion fluxes of Ti 2+ result in high values of incident metal ion energy ( ) and momentum transfer ( ) per deposited metal atom and give rise to point defects. These defects can result in the formation of relatively soft wurtzite-structure AlN in form of secondphase precipitates, leading to poor mechanical properties [35, 36] . As already mentioned, no separate w-AlN phases were detected in the current study and therefore no w-AlN precipitation occurs.
Rafaja et al. [34] determine that the nanocomposite consisting of fcc-and wurtzite-phases seems to be stable until 650 ∘ C, despite the relatively high Al concentration in the coating. These facts indicate that the substrate temperature at different pulse-frequencies does not exceed 650 ∘ C. However, 
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∘ in this study substrate and growing film are additionally heated during the whole deposition process by the determined constant process temperature of 500 ∘ C. Besides this fact, the substrate temperature increases during pulse-ontime due to the high input of thermal energy caused by thermalized electrons in the substrate bias and ion impact heat transfer to the growing film. During the pulse-offtime, substrate and growing film can cool down so that the normalized heat transfer to the substrate is lower in HPPMS compared to dcMS at the same average power [37] , even though the energy flux per deposited particle is higher for a HPPMS discharge. If the pulse-frequency increases, the pulse-off-time decreases and causes a reduction of cooling time.
Besides this, in this study the formation of a clearly twophase structure of fcc-and w-AlTiN grains is independent of the pulse-frequency and the resulting discharge parameters. This shows that discharge properties are similar due to the identical pulse length of 50 s, which causes comparable discharge phases during pulse-on-time. (As discussed in Section 3.1., all discharges take place in HPPMS mode and reach a peak power density close to or even inside the HiPIMS mode defined by Gudmundsson et al. [17] .) As an addition to this observation, the constant two-phase structure implicates that the time of discharge and the discharge phases, from ignition phase to afterglow phase at pulse end, have a stronger influence on the formation of various AlTiN phases than different pulse-frequencies. One reason is the transition from HPPMS mode to dcMS-like mode as described previously [35] , which causes a change in plasma characteristics referring to the sputtered metal ion-to-neutral ratio. For HPPMS mode, this metal ion-to-neutral ratio is very high and depends on pulse current and power density, whereas the dcMS-like mode is dominated by neutral sputtered atoms and less metal ions.
As a result of the discharges mode, face-centred cubic AlTiN grains with strong 200-reflection intensities were detected, which are typical for AlTiN HPPMS coatings as referred by other authors [15, 35] . (In contrast, dcMS films show a highly 111-oriented fcc-AlTiN structure due to the dominance of neutral sputtered metal species [15] .) Furthermore, it is known for transition-metal nitrides that the 200-orientation is energetically favourable in the rock salt-type structure [38] [39] [40] and leads to a higher hardness due to a denser lattice structure than 111-oriented fcc-AlTiN, which is advantageous for cutting tool coatings. The absence of an fcc-AlTiN (111) phase shows that no dcMS-like discharge conditions were reached. In conformity with Ehiasarian et al. [41] , composition and energy of the impinging ions define the surface chemistry on crystal faces as well as the adatoms mobility on the surface during film growth. Especially the presence of atomic nitrogen and ionized metal species with a broad IEDF (Ion Energy Distribution Function) promote the growth of (200)-orientation and suppresses the growth of (111)-oriented crystals [41] . In this case, the dissociation of molecular nitrogen to atomic nitrogen takes place on the target and in its vicinity due to the high current and power density at the target. Detailed descriptions to ions origin, metal ion energies (IEDF) and behaviour of the metal ion flux in HPPMS discharges can be found in several publications, for example, from Gudmundsson et al. [17] and Bohlmark et al. [24] .
The only difference at various pulse-frequencies is a peak shift of 0.05 ∘ for the fcc-AlTiN (200) phase at 100 Hz and the w-AlTiN (112) phase at 200 Hz as listed in Table 3 . In both cases, the shift results from internal coating stresses caused by different electrical discharge conditions, because high current densities lead to a high ion bombardment at the substrate, resulting in higher internal stress due to a higher probability of residual defect formation [42] .
Grain Sizes and Coating
Structure. Based on the FWHM from the detected AlTiN phase reflexes, the grain sizes of cubic and wurtzite-type AlTiN phase were determined using the Debye-Scherrer formula. This method provides the smallest measurable size of a crystal structure of the same orientation and is sufficiently accurate to describe a tendency for different pulse-frequencies as it is shown in Figure 6 . The results in Figure 6(a) show that the grain size of the cubic AlTiN phase in (200)-orientation is always larger than the one of the wurtzite-type grains in (112)-orientation. However, the size of both grain orientations shows a decreasing linear trend for higher frequencies. Generally a decreasing grain size refers to an increasing volume fraction of grain and phaseboundaries, so that the coating properties are increasingly influenced by the interfacial components [43] . According to Messier et al. [44] an increased ion bombardment causes a dense, coaxial structure and increases the nucleation density by forming nucleation locations like defects, implanted, and resputtered species. With an increasing number of preferential nucleation sites, the decreasing grain size can be attributed to the higher energy incident ions at higher frequencies. This leads to the generation of more defects Advances in Materials Science and Engineering on the surface of the growing film, as reported from Sundgren [45] . Additionally, thermal energy applied into the surface region increases the surface mobility of adatoms and promotes reactions as well as diffusion processes [46] . As mentioned in Section 3.4., the high constant substrate temperature of minimum 500 ∘ C causes that the substrate heating during pulse-on-time and its rise with increasing frequency is negligible in this consideration.
Based on the above-mentioned facts, it is assumed that the decreasing grain size with increasing frequency is related to the increasing layer thickness and defect density (Figure 6(b) ). An indication for this relation is the comparable deposition rate at 200 Hz and 300 Hz, which leads to similar grain sizes. As a consequence, a higher coating thickness leads to an increased probability of growth disturbance and defect density due to more frequent energetic ion bombardment within the constant deposition time of 30 minutes. This also gives rise to renucleation with competitive growth of grains resulting in smaller grain size. Particularly this competition during the growth of the fcc-and w-AlTiN phases is enhanced due to different preferred growth directions and lattice structures [42] .
The cross-sectional SEM images in Figures 7-11 show the AlTiN coating structure as deposited on 100Cr6-steel and silicon substrates with different pulse-frequencies. All AlTiN coatings show a dense and fine nanostructure with slight differences in crystal size, porosity, and growth direction, which probably causes differences in their mechanical properties. Based on the structural zone model (SZM) of sputtered metallic films developed by Thornton [47] and the process parameter in this study, it can be concluded that the deposited AlTiN coating structure belongs to zone T. However, the coating structure of the AlTiN coatings becomes coarser with increasing pulse-frequency due to a higher defect density. Further, the increasing frequency results in a shorter pulse-off-time in which impurities, foreign atoms, or lattice imperfections are removed by resputtering effects induced by the substrate bias of −100 V. The shorter pulse-off-time reduces the period for refilling gaps in the growing coating structure, which is favoured by the high process temperature of 500 ∘ C. This is confirmed by results from Rafaja et al. [34] , who reported that, at high stacking fault densities, facilitated by high local Al concentrations, the faulted fcc-TiAlN changes to w-AlTiN. So, AlTiN coatings deposited by HPPMS generally show a denser and smoother structure without column growth than coatings deposited by dcMS at the same average power due to increased metal ion bombardment [15] . This is confirmed by comparing the coating structure with published results from Obrosov et al. [10] . Such a dense featureless, feathery coating structure is typical for coatings deposited with pulsed magnetron sputtering as, for example, Keunecke et al. [48] and Jílek Jr. et al. [49] have shown. The bombardment and inclusion of droplets, as shown in Figure 7 (b), induced growth disturbances and structure disorders during coating deposition. Those disturbances cause internal stresses in the vicinity of the droplet and can promote coating chipping or failure, especially under load conditions during cutting or forming processes.
Mechanical Properties.
Hardness and elastic modulus of deposited AlTiN layer are reference factors in order to assess the properties and thus the suitability of wear protection coatings. In addition, they are beneficial to compare the coating properties achieved through HPPMS with the ones of other PVD technologies, such as dcMS or cathodic-arc evaporation. In this study, a relationship between indention hardness and elastic modulus with increasing pulsefrequency is focused. The averaged results of the QCSM measurements in a depth of around 10% of the film thickness in Figure 12 (a) show a hardness of more than 40 GPa and elastic moduli between 290 GPa and 350 GPa. Thus, the deposited AlTiN coatings belong to superhard coatings with low elastic moduli. In comparison, AlTiN films deposited by dcMS from Obrosov et al. [10] reach a hardness of 21.5 GPa with elastic modulus of 238 GPa at the same average power, process temperature, and nitrogen flow rate. For different process conditions, AlTiN films deposited by dcMS from Jílek Jr. et al. [49] reach a hardness of 33.4 GPa with elastic modulus of 466 GPa. Similar hardness (33.9 GPa) and a higher elastic modulus of 550 GPa were measured from Nohava et al. [50] for arc evaporated AlTiN coatings. One reason for differences in mechanical properties between AlTiN coatings deposited by dcMS, arc evaporation, or HPPMS are the different plasma conditions during deposition. These different plasma properties influence the film microstructure as well as the AlTiN phase formation, which can affect the mechanical properties. Apart from this, it must be noted that the general process conditions are different in the cited studies. Nevertheless, the comparison between the mechanical properties is sufficiently accurate to show differences between the conventional sputtering methods.
In particular, other studies show that the high number of metal ions with high energies in HPPMS discharges support the formation of fcc-AlTiN (200) phases with higher hardness than the one of the dcMS typical fcc-AlTiN (111) phase [15] . Therefore, the occurrence of fcc-AlTiN (200) phase is typical for HPPMS coatings. Another reason for the high hardness of the AlTiN coatings sputtered by HPPMS is a highly dense, heterogenic, and granular crystal structure of the film with nanometre-sized hard fcc-AlTiN (200) and w-AlTiN phases as shown in Sections 3.4 and 3.5. Moreover, Alami et al. [15] report on the high hardness of HPPMS coatings resulting from the dense, granular structure with less porosities and the specific phase formation due to the high number of singleand double-charged Al-and Ti-ions and the presence of atomic nitrogen, too. In this case, the AlTiN phase structures do not change at different pulse-frequencies in the range of 100 Hz to 500 Hz (see Figure 5) . Thus, the deviations in hardness and elastic modulus for various pulse-frequencies result from differences in elemental composition and coating structure and not from different AlTiN phases. According to other authors [42] differences in film microstructure like porosity, internal stress, and structure defects are responsible for different mechanical properties, too. In particular, small grain sizes are technologically attractive due to the fact that they do not affect ductility and toughness negatively [42] . The effect of grain size refinement on the yield stress is generally described by the Hall-Petch relationship, based on dislocation pile-up at grain boundaries [42, 51] . However, this relationship does not work for nanometre-sized grains with limited dislocation plasticity as the high hardness of the AlTiN coating deposited at 300 Hz shows. Such a behaviour is discussed by several authors who reported softening of the material for grain sizes below a defined critical grain size , where the stress required for dislocation motion or formation becomes larger than that for grain boundary sliding [42, [52] [53] [54] [55] . The hardness is also influenced by the fact that it becomes more difficult for dislocations to run through several grains as neighbouring grains have different lattice structures and slip systems [42] . Based on these facts, it is assumed that the critical grain size is reached at 300 Hz due to the highest hardness. This assumption is confirmed by the relatively uniform elemental composition of Ti, Al, and N content (see Section 3.3), suggesting a balanced grain growth, whereas the grain size at higher frequencies seems to be smaller than causing a reduction in hardness. The increasing porosity at higher frequencies leads to decreasing elastic modulus and hardness, too.
The calculated elastic strain to failure ( / -factor) and resistance against plastic deformation ( 3 / 2 -factor) in Table 4 and Figures 12(b) and 12(c) describes the relation between hardness and elastic properties of AlTiN coatings deposited at different pulse-frequencies. This relationship is an important factor for describing the resistance behaviour of hard coatings, because wear resistance during external loading depends on the property to withstand mechanical penetration and to relieve stresses through elastic and plastic deformation. Here, both ratios of hardness and elastic modulus show a parabolic trend with maxima for the AlTiN coating deposited at 300 Hz. This is attributed to the high hardness in combination with a low elastic modulus due to an optimized grain and phase-boundary structure. In the most cases of nanocomposite coatings 3 / 2 shows a maximum for coatings with very high density of phase-boundaries [42] . Therefore, it is concluded that the AlTiN coating deposited at 300 Hz shows the best mechanical properties for cutting tools, which need high hardness and low elastic modulus in the scale of the substrate material to minimize the risk of spalling [56, 57] .
This conclusion is confirmed by a ratio of / * = 0.18 ≥ 0.1 and a high elastic recovery of = 59.3%, which were described as key parameters for the resistance against cracking of hard coating by Musil [33] . As shown in Table 4 , the mechanical properties of the AlTiN coatings deposited at lower and higher pulse-frequencies than 300 Hz result in a ratio / * ≥ 0.1, too. The elastic recovery varies with the pulse-frequencies. For this reason, no general trend for the resistance against cracking of AlTiN coatings at different pulse-frequencies can be concluded.
Surface Roughness and Topography.
Analyses on surface morphology and topography of AlTiN coatings depending on HPPMS pulse-frequencies were performed by atomic force microscopy (AFM). This measurement method enables statistical analysis of the surface roughness and detailed studies of surface structures like hills or holes. The surface roughness values in Figure 13 generally show a decreasing trend for higher frequencies due to the decreasing presumption of droplets or droplet-like structures by avoiding arc events and the formation of a nitride layer. An exception is the AlTiN coating deposited at 500 Hz, which is regarded as an outlier, due to the strong deviation of the calculated roughness ms as a result of the comparatively large droplet (Figure 16) . Therefore, the number of elevated hill-like structures and holes decreases for higher frequencies as Figures 14-16 show. This correlates with the decreasing trend of the surface roughness with increasing frequency. In addition, the graphical images of the surface generated by measured data and the SEM images show that films deposited by HPPMS at various frequencies have heterogeneous topography and a typical surface for depositions under ion bombardment. In general, because of the coating structure, such coating surfaces are Advances in Materials Science and Engineering 13 influenced by the impinging ions, causing film defects and growth disturbances leading to local potential differences at the growing surface. Those potential differences lead to irregular attractions of sputtered species and can support arc events at the substrate.
However, AlTiN coatings deposited with HPPMS generally show a smoother surface than AlTiN coatings deposited by dcMS. This is confirmed by the results from Obrosov et al. [10] , which show a surface roughness ms of 13.0 nm for AlTiN coatings deposited by dcMS at the same average power and nitrogen flow rate. According to Figure 14 (100 Hz), the surface is characterized by many elevated, rounded particle-like structures with various lateral dimensions (red marked), which may result from different velocities of coating growth or from the deposition of droplets caused by arcs. The corresponding root mean square roughness ms is 10.3 nm and the average roughness is 5.3 nm. In addition to the hill-like structures, the layer surface has deep, hole-like structures, which are presumably caused by the high energetic ion bombardment. The ions have enough energy to resputter and remove deposited coating material, leaving crater or ratholing on the surface. It is assumed that the resputtered film atoms can deposit in the vicinity of these holes and take part in formation of the abovementioned elevated structures (red marked). Further investigations are required to verify these assumptions and are not part of this work.
In comparison to 100 Hz, the surface of the coating deposited at 300 Hz (Figure 15) shows the smoother surface with only few elevated structures with a maximum height of around 160 nm. No holes can be seen in this case. For this reason, the pulse-frequency of 300 Hz leads to one of the lowest values of mean square roughness ms of 2.5 nm and average roughness of 1.2 nm in the current study. The smoothest surface with the lowest roughness of ms = 1.03 nm and = 0.81 nm was deposited at a pulsefrequency of 400 Hz, as shown in Figure 13 .
The highest surface roughness with ms of 26.9 nm and of 8.8 nm was calculated for the coating deposited at 500 Hz, due to the large droplet height of about 540 nm and a lateral size of about 3 m as shown in Figure 16 . Apart from this, the coating shows less hill-like structures and a smoother surface compared to the one deposited at 100 Hz. In contrast to the nearly spherical hill-like structures of the one deposited at 100 Hz this one shows an irregular growth-related hillstructure, mostly located close to holes. For this reason, it is assumed that the irregular elevated structure growth results from differences in the local surface potential, caused by surface defects, leading to irregular material deposition on the surface.
In summary, the study shows that the surface roughness of AlTiN coatings sputtered by HPPMS is strongly affected by the pulse-frequencies and the resulting discharge parameters, especially current density and power density. According to this, the surface roughness depends on the general coating growth conditions, determined by the pulseon/off-configuration. Therefore, the smoothest surface was formed at a pulse-frequency of 300 and 400 Hz, which belongs to a duty cycle of 1.5% and 2.0%. Thus, for AlTiN coatings deposited by HPPMS with pulse lengths of 50 s and under similar deposition conditions like in this study, a frequency of 300 and 400 Hz leads to very low roughness and very good surface properties, which is beneficial for cutting tools.
Conclusion
In this study, the influence of the HPPMS frequency on plasma discharges and AlTiN coating properties was investigated with focus on the relation between the plasma and deposition conditions. The results show a strong dependence of the frequencies on deposition rate, elemental composition, surface roughness, and mechanical properties, which influence each other as well. The AlTiN two-phase structure analysed by XRD are not influenced by the pulsefrequency. Therefore, it is assumed that pulse length and resulting temporal plasma properties during pulse-on-time, like ion-to-neutral ratio and metal ion energy, are the most influencing parameters. The specific results in this study for AlTiN coatings deposited by HPPMS can be used as points of reference to indicate the potential of mechanical properties. In this case, the best properties for cutting tools like high hardness, low elastic modulus, and a smooth surface were reached for the AlTiN coating deposited at 300 and 400 Hz for a pulse length of 50 s. For other pulse lengths, the optimum frequency can be different depending on the pulseon/off-configuration. For this reason, further investigations with different HPPMS process parameters are necessary to expand the range of optimum processing parameters for industrial applications.
The results also demonstrate the advantages of AlTiN coatings deposited by HPPMS comparing to coating deposition by dcMS:
(1) AlTiN coatings by HPPMS show smoother surfaces as AlTiN coatings by dcMS. In addition, the surface roughness can be varied with pulse-frequency, whereby higher frequencies lead to smoother surfaces without changing the AlTiN phase structure.
(2) The pulsed mode minimizes the formation of nitride layers, leading to surface charges and resulting in unwanted arc events.
(3) HPPMS improves the coverage and uniform coating thickness of complex-shaped substrates because the increased number of ions together with the bias potential allows controlling the layer-forming particles. The increased ion-to-neutral ratio also leads to an (200)-orientation of the fcc-AlTiN phase. Those oriented fcc-AlTiN phases show a higher hardness as the (111)-orientation, which is typical of discharges dominated by neutral sputtered particles.
(4) Without a separate heating for a constant process temperature of 500 ∘ C as in this study, AlTiN coatings deposited by HPPMS can be used as wear-resistant coating for flexible and/or thermosensitive substrates like polymer due to the low normalized thermal energy flux comparing to dcMS or cathodic-arc evaporation.
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